The important factors that strongly influence the particle size distributions measured by the laser diffraction method are the optical parameters of the suspension (refractive index and absorption coefficient). Knowledge of the values of these parameters is necessary for Mie theory. Mie theory is applied for conversion of the intensity of light recorded on detectors into particle size distribution (PSD) of tested material. Both wastewater and activated sludge are mixtures of a variety of elements (mineral or organic, including living organisms). In practice, it is not possible to define clearly the values of the optical parameters, as the composition of the suspension changes over time. The aim of the study was to estimate the impact of assumed values of the optical parameters on particle size distributions obtained. The PSDs of suspensions sampled in different stages of wastewater treatment are the most reproducible when the following optical parameters are defined: absorption coefficients -1.0 and the refractive index -1.52.
Introduction
Research on activated sludge and wastewater in the wastewater treatment process follows multifarious directions. Some researchers attempt at identification of species and numbers of various organisms [1] [2] [3] or analysis of the structure of biological communities inhabiting activated sludge and description thereof by means of relevant indices [4] [5] [6] . Other investigators focus their research on the prevalence of pathogenic organisms and their dormant forms or eggs in sludge and wastewater [7, 8] . Others investigate the relationship between the presence of protozoa in sludge and the structure and morphology of flocs on the course of the wastewater treatment process [9] [10] [11] . An important and currently commonly discussed tasks in wastewater treatment technology are the ways of description of physiological activity of activated [12, 13] and fractioning of the substrate to build and calibrate computer models of sewage treatment systems [14] [15] [16] [17] [18] . An important aspect of investigation is also application of raw and treated sewage in agriculture [19] [20] [21] .
One of the recent research areas, currently at a stage of refinement of the measurement methodology, is the use of laser diffraction to determine particle size distribution of activated sludge flocs and to analyse the course of wastewater treatment processes [22] [23] [24] [25] [26] [27] . Other measurement techniques based on analysis of microscopic images or light passing through a measuring system containing activated sludge flocs are also employed in similar investigations [28, 29] .
The laser diffraction method is based on measurements of the intensity of laser light scattered on tested particles. The light intensity recorded on detectors is converted (using Fraunhofer and Mie theories) into particle size distribution [30] [31] [32] . Currently, the laser diffraction method is widely used in investigations of soil and sludge [33] [34] [35] [36] [37] .
While using the LDM for analysis of particle size distribution of sludge flocs, one should bear in mind that the result obtained (size distribution) is largely dependent on the investigation procedure applied [25] . Flocs have a delicate structure, which disintegrates into finer structures under the impact of an external force (eg mechanical stirring). The degree of the disintegration will be related to the energy of stirring. In turn, the energy of stirring will depend on the construction of the dispersion unit of the diffractometer (including the design of the stirrer and pump) and on the speed of stirring and pumping [38] . Therefore, the method can be used for comparison of results obtained in different laboratories only when measurements are done using the same device and measurement procedure. Nonetheless the measurements of sewage sludge parameters conducted with LDM can be especially useful when within the single laboratory there is conducted research on influence of the particular technological processes or additive of chemical substances on sewage sludge parameters [27] .
This provision concerning the use and interpretation of the results does not eliminate the possibility of using the LDM for analysis of sludge flocs in wastewater treatment process. A great number of investigations are focused on evaluation of the treatment process and the improvement of operating parameters of wastewater treatment plants. One of the measures/parameters for assessment this process is the mechanical stability of activated sludge flocs. Hence, with a standardised measurement procedure (the same device and setting of pump and stirrer speed), distributions obtained with the LDM provide important information about the process itself and mechanical properties of sludge.
The application of the LDM in analysis of wastewater and activated sludge is associated with another methodological difficulty, ie determination of the value of optical coefficients, ie the absorption coefficient and refractive index, which is essential if calculation of the distribution is to be based on Mie theory.
The difficulty in estimation of the values of the optical coefficients results from the diversity of the components of activated sludge, which contains both suspended finefraction mineral or organic particles [39] and various organisms [40, 41] . Since the selection of any values will be controversial and may be a potential source of error, the authors identified as the aim of their work to: i) assess the degree of the impact of different values of the absorption coefficient and refractive index on particle size distributions of activated sludge; ii) propose the values of optical parameters for which the uncertainty is the smallest.
Materials and methods
Suspensions sampled from two points in waste water treatment plant (WWTP) in Lublin (Poland): from the primary settling tank and from the nitrification chamber were used in this experiment. WWTP purifies (approx. 65,000 m 3 /day) municipal and industrial wastewaters from Lublin agglomeration.
To obtain the averaged sample, portions of about 0.3 dm 3 were collected in a 1.5 dm 3 container. The time between sampling and measurement was about 20 minutes (only for transport from WWTP to the laboratory). The sample was kept in the car fridge at that time.
Immediately prior to measurements, the container was vigorously mixed for homogenization and then three subsamples were taken for three repetitions. Mastersizer 2000 (Malvern, UK) with a Hydro MU dispersion unit was used as the laser diffractometer. The measuring range was from 0.02 µm to 2 mm. The following settings were used [25] :
• volume of the measured suspension -about 800 cm 3 ; The raw suspension (without concentration by centrifugation or evaporation; the dilution in distilled water was necessary in some cases to obtain the obscuration in the range 10-20%) was added to the dispersion unit, 
Results and discussion
The PSDs obtained for the selected combinations of optical indices for two suspensions (mechanically purified wastewater and wastewater with activated sludge) are presented in Figures 1 and 2 . Figures 1 and 2 shows that the optical parameters exert a stronger impact on the PSD of the suspension from the primary settling tank than that from the nitrification chamber. It can be concluded that there is no influence of the optical parameters on PSD obtained by the LDM at all in the case of the nitrification chamber, because the particles suspended there are comparatively big and Fraunhofer theory can be used without a substantial error.
The impact of optical parameters on PSD in the primary settling tank is mostly noticeable for the finest particles. This can be expected because Mie theory (and the optical indices are necessary only for this theory) is dedicated to systems with smaller particles. It can be seen that the small values of the absorption coefficient ( Fig. 1 Since the best reproducibility of PSDs was obtained for the absorption coefficient of 1.0 (irrespective of the refractive index values), this value can be recommended for measurements of suspensions (sewage and activated sludge) in the wastewater treatment process. A question arises -is it the real value of the absorption coefficient for these mixtures? A reliable answer is very difficult because, as mentioned above, the suspension consists of great diversity of mineral or organic particles and life forms. Therefore, one needs to define the resultant value -ie an average for the entire sample. The high value of the absorption coefficient seems likely. Yet, the most important argument for adopting it (as a value of 1.00) is the lack of variation in size distributions. Having defined the value of the absorption coefficient, one should define the value of the refractive index. The criterion can be the value of the weighted residual parameter calculated for subsequent distributions. The weighted residual defined by the Mastersizer producer: the residual is an indication of how well the calculated data was fitted to the measurement data. A good fit indicated by a residual of under 1% [42] . The analysis of the data presented in Table 1 shows that values that were among the smallest ones (with the assumed absorption coefficient value of 1.0) were obtained for the refractive index of 1.52. This value of the refractive index can be recommended for measurements of sewage and activated sludge suspensions.
While comparing the results presented in this paper with the suggestions of other authors, it is worth referring to some other papers. Biggs with Lant [22] examined the size of activated sludge flocs. Given the large variability of the optical parameters of the tested materials, they suggested using Fraunhofer theory, without defining the optical parameters of the sample. A similar approach, ie Fraunhofer theory, was used by Guellil et al [23] and Karczmarek and Gaca [43] .
In contrast, Govoreanu et al [44] , who discussed the problem of optical parameters for activated sludge flocs, stated that Mie theory should rather be used instead of Fraunhofer theory for activated sludge flocs containing particles smaller than 10 micrometers. They followed the idea of Latimer and Wamble [45] and Guan et al [46] that the refractive index of biological solids is very near to that of water (n < 1.05). The authors of the present work support the position that it is better to use Mie theory. It is true that by employing Fraunhofer theory one can avoid the problem with estimation of optical parameters. However, according to ISO 13320:2009 [47] , Fraunhofer theory can be used only for suspensions that contain particles bigger than 50 µm. For a suspension with particles smaller than 50 µm, Mie theory should be applied. The investigated sediments from WWTP surely had smaller particles ( Figs. 1 and 2) . Nevertheless, as it was stated above, using Mie theory opens the problem of estimation of optical parameters.
Le et al [48] adopted a refractive index value of 1.52 and absorption 0.1 for measurements, after Bieganowski et al [25] . The latter values were adopted from the paper of Ryżak and Bieganowski [30] , who investigated soil. However, the compositions of soil and sediments are different, and hence the properties (including optical parameters) can be different. In the light of the results presented in this work (Figs. 1 and 2 ), it appears that the value of the refractive index of 1.52 is good, but 1.0 is a better value of the absorption coefficient for particles suspended in wastewater and sediment.
Conclusions
Since sewages and activated sludge are a mixture of many different substances and living organisms (which also consist of various compounds), in practice it is not possible to determine the value of the optical parameters (absorption coefficient and refractive index) which can be used to characterize these mixtures. The criterion for choice of the values of the optical parameters may be to minimize the scatter of measurement reproducibility. On the basis of the results presented in this paper, the best values for the absorption coefficient is 1.0 and for the refractive index 1.52. Adoption of other values of the optical parameters affects to a greater extent the results of distributions obtained and thus makes it more difficult to compare the results obtained in different laboratories. It is very important to stress that the dispersion of the sample should be standardized in such measurements.
